ABSTRACT: An experiment was conducted to determine the quantitative relationships between standardized total tract digestible P (STTD P) and total Ca intakes with their retention and excretion by growing pigs fed corn-soybean meal diets. Forty-eight crossbred barrows (BW = 22.7 ± 2.9 kg) were allotted to 1 of 8 diets, housed individually in pens for 3 wk, and then moved to metabolism crates and allowed 4 d for adaptation and 5 d for collection of urine and fecal samples. Eight corn-soybean meal diets were formulated for similar NE, fat, and AA concentrations but to increase the STTD P from 0.16 to 0.62% using monocalcium phosphate. Dietary treatments were formulated for a constant Ca:STTD P ratio (2.2:1). The STTD P intake increased (P < 0.001) from 64 to 242% of the daily requirement (4.59 g/d of STTD P). Fecal and total excretion of P and Ca were linearly associated with mineral intake (P < 0.001). Constant urinary P excretion of 0.03 g/d P was observed, but at 4.96 g/d of STTD P intake, the urinary P excretion increased (P < 0.001). In contrast, Ca excretion in urine decreased (P < 0.001) with Ca intake, but constant excretion of 0.40 g/d Ca was reached at 17.97 g/d of Ca intake. The daily intakes of STTD P and Ca moderately explained
INTRODUCTION
Exogenous microbial phytases improve digestibility and decrease excretion of phytate-bound P, reducing the necessity of supplemental inorganic P and maintaining growth performance of growing pigs (Jongbloed, 1987; Beaulieu et al., 2007) . Several phytase products are commercially available, but variation in recommended dosages for similar P release among phytase sources has been previously observed (Augspurger et al., 2004; Jendza et al., 2006) . One way to predict dietary P release from phytase addition, and to compare different phytase products, is by using dose-response curves (Jendza et al., 2006; Jones et al., the variation in urinary excretion of P (R 2 = 0.41) and Ca (R 2 = 0.64). The absorption and retention of P increased linearly (P < 0.001) with dietary P intake, whereas absorption and retention of Ca showed a quadratic response (P < 0.001). Absorption and retention of P and Ca were highly predictable from the STTD P and Ca intakes, with R 2 of 0.87 and 0.90, respectively. The femur mineral content (FMC) increased by 2.71 g with STTD P intake (P < 0.001) but reached a plateau (29.54 g of FMC) at 8.84 g/d of STTD P intake. The FMC was highly predictable from the STTD P intake (R 2 = 0.89). The FMC affected the urinary P excretion (P < 0.01), but moderately (R 2 = 0.19) explained the variation in urinary P. In conclusion, constant excretion of P in urine was observed but excretion increased linearly at STTD P intake levels above the requirement for maximum growth of growing pigs. The FMC increased with STTD P intake, but a plateau was reached at a STTD P intake level above the requirement. Dietary STTD P was used for growth and accumulated in bones until a plateau was reached and excess was excreted in urine. The predictability of P and Ca excretion in urine from the dietary STTD P and Ca intakes was moderate. 2010). These curves are usually developed from bone mineral accretion of pigs fed diets with graded levels of available P and formulated below the P requirement for optimum growth. Pigs subjected to P deprivation, however, suffer from impaired growth and chronic health issues, which may compromise the animal well-being and the efficacy of P accretion in their bones.
An endocrine system comprising parathyroid hormone, metabolites of vitamin D, phosphatonins, and calcitonin maintains the concentration of P in blood at a level just enough to allow bone mineralization to occur (DeLuca, 1979; Berndt et al., 2005; Jongbloed, 1987) . Fernández (1995) observed an increase in urinary P excretion after feeding diets containing increasing levels of available P and concluded that P balance is regulated at the renal and, to a lesser degree, the intestinal level. Urinary P excretion, therefore, may be a good indicator of excess intake of standardized total tract digestible (STTD) P resulting from phytase or inorganic P supplementation and could be potentially used to construct dose-response curves. Additionally, there are no data on the excretion pattern of P in pigs when diets are formulated on the STTD P basis (Almeida and Stein, 2010) .
The objective of this study was to determine the quantitative relationships between STTD P and total Ca intakes with their retention and excretion by growing pigs fed corn-soybean meal diets.
MATERIALS AND METHODS
The experimental protocol was reviewed and approved by the Institutional Animal Care and Use Committee at Iowa State University (5-13-7580-S).
Animals, Housing, and Experimental Design
An experiment was conducted at the Iowa State University Swine Nutrition Farm (Ames, IA) using 48 crossbred barrows (PIC 337 × C22/C29; Pig Improvement Company, Hendersonville, TN) with an initial BW of 22.7 ± 2.9 kg. The experiment was performed in 2 trials of 30 d each, with 24 pigs per trial and using the same procedures. Pigs were randomly allotted to 1 of 8 diets, housed in individual pens for 3 wk, and then moved to metabolism crates for the last 9 d of the experiment. During the first 3 wk, pigs were offered feed and water ad libitum and individually housed in pens (1.2 by 1.2 m) equipped with a feeder, a nipple waterer, and a half-slatted concrete floor. Before entering the metabolism crates, pigs were assigned to 1 of 3 feed intake blocks based on their ADFI from the previous week. Each diet was represented in each feed intake block. The amount of feed supplied was determined to be 90% of the lowest pig's ADFI within feed intake block; this helped to ensure that all pigs consumed their full daily ration. Orts were collected when a pig failed to consume its entire ration. Pigs in the second trial received the same amount of feed as in the first trial. The total feed allowance was divided into 2 rations at 0700 and 1600 h. Pigs were allowed 4 d of adaptation to the feeding schedule before the start of the 5-d urine and fecal collections. One hour after initial feeding, water was offered at a 2:1 ratio to feed. In the metabolism crates, water was controlled to reduce luxury water consumption (Fraser et al., 1990) but ensured that the water requirements were met according to Shaw et al. (2006) .
Dietary Treatments
Eight corn-soybean meal diets were formulated for similar NE and standardized ileal digestible AA concentrations (NRC, 2012; Table 1 ). Monocalcium phosphate was gradually added to increase the dietary STTD P from 50 to 200% of the STTD P required for maximum growth of pigs between 25 and 50 kg BW (NRC, 2012) , in equally spaced dietary STTD P concentrations. Calcium carbonate was added to keep a constant Ca:STTD P ratio (2.2:1) among dietary treatments. Soybean oil was added to keep fat levels constant among treatments, and titanium dioxide (TiO 2 ; 0.4%) was included in all diets as an indigestible marker for digestibility calculations. Calcium from calcium carbonate was assumed to be 100% available (NRC, 2012) .
Sample Collection
Pigs were weighed weekly while in individual pens to determine ADG, ADFI, and G:F. Pigs were also weighed at the start and conclusion of the metabolism period. Diet samples were collected during the mixing process and stored at -20°C for further analysis. Urine and fecal samples were collected for the last 5 d of the metabolism period. Fresh fecal samples were collected 3 times a day by grab sampling and total urine was collected twice a day. Fecal samples were stored at -20°C. Urine was collected in acid-washed plastic containers containing 20 mL of HCl to prevent volatilization of nitrogen. During collection, the plastic containers were weighed and the urine was homogenized, filtered with glass wool, subsampled, and stored at -20°C for future analysis of P and Ca. At the end of the metabolism period, pigs were humanely euthanized and the left femur was dissected for analysis.
Analytical Methods and Calculations
At the conclusion of each of the 2 trials, urine and fecal samples were thawed at room temperature, pooled within pig, and subsampled for chemical analysis. Urine was stored at -20°C and fecal subsamples were oven dried in a convection oven at 65°C to constant weight (Jacobs et al., 2011) . Dried fecal and dietary samples were ground in a Wiley Mill (Variable Speed Digital ED-5 Wiley Mill; Thomas Scientific, Swedesboro, NJ) through a 1-mm screen and stored in desiccators to maintain a constant percentage of DM. Diet and fecal samples were analyzed for DM (method 930.15; AOAC, 2007) and TiO 2 (Leone, 1973) . Feed, fecal, and urine samples were analyzed for P and Ca (inductively coupled plasma optical emission spectrometry; Optima 7000 DV; PerkinElmer, Waltham, MA; Pogge et al., 2014) . Diet samples were analyzed for GE by a bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL) with benzoic acid as a standard (6,318 kcal GE/kg of benzoic acid; Parr Instrument Co.), nitrogen was analyzed using the combustion method (method 990.03; AOAC, 2007) with a Trumac apparatus (Leco Corporation, St. Joseph, MI) with EDTA for calibration (9.58 ± 0.01% nitrogen; Leco Corporation), and analyzed for acid hydrolyzed ether extract (Sanderson, 1986; Soxtec 2050, FOSS North America, Eden Prairie, MN) .
Following euthanasia, femurs were dissected and then scanned in the forearm mode with a Hologic Discovery A dual-energy X-ray absorptiometry (DXA) machine (Hologic Inc., Bedford, MA). Then, femur mineral content (FMC) was estimated using bone densitometer software (Hologic APEX software 4.0.2; Hologic Inc.) on a whole femur region of interest analysis. The daily DM intake and urinary output were calculated as the mean of the feeding and urine collection period (g/d). Fecal DM output and apparent total tract digestibility (ATTD) of P and Ca were determined according to Oresanya et al. (2008) . Absorbed and retained P and Ca were calculated as follows: Absorption = mineral intake -mineral in feces [1] and Retention = mineral intake -mineral in fecesmineral in urine [2] in which mineral intake, mineral in feces, and mineral in urine are expressed in grams per day. The STTD P intake was estimated as the product of the observed DM intake and the dietary STTD P concentration.
Statistical Analyses
The analysis of the data was performed using different models, according to the trait and effects analyzed. All statistical analyses were performed using SAS 9.3 (Statistical Analysis Software; SAS Inst. Inc., Cary, NC).
Intakes of DM, Ca, P, and STTD P were analyzed with a general linear model including the fixed effects of dietary treatment (8 levels), feed intake block (3 levels), trial (2 levels), and all possible 1-way interactions between these effects and using the BW at the initiation of the collection period as a covariate. Least squares means of dietary treatment were separated using Fisher's LSD method. In addition, orthogonal polynomial contrasts were used to test the linear and quadratic effects of the levels of dietary treatment. Analyses were performed using the GLM procedure.
For the remaining traits (fecal excretion, total excretion, ATTD, urinary excretion, absorbed and retained P and Ca, and FMC), the quantitative effects of STTD P or Ca intakes were evaluated. The linear and quadratic effects of intake (STTD P or Ca) were tested in a model including the fixed effects of feed intake group (3 levels), trial (2 levels), interaction between feed intake group and trial, and initial BW as a covariate. The quadratic component of intake was excluded from the final model if P > 0.10. These analyses were performed using the GLM procedure.
The final statistical approach had the objective of evaluating whether response variables (traits) reached a plateau with decreasing or increasing levels of STTD P/Ca intake or FMC. For traits that visually and/or statistically showed similar levels of response for consecutive levels of STTD P/Ca intake or FMC, a nonlinear model including a linear broken-line component was evaluated, as described by Robbins et al. (2006) . Traits showing a plateau-like pattern included urinary P and FMC. Analyses of the broken-line model were performed using the NLIN procedure.
RESULTS
Dietary concentrations of Ca and STTD P were increased with the addition of calcium carbonate and monocalcium phosphate, respectively, to maintain a constant calculated STTD P to Ca ratio among dietary treatments (Table 1) . When analyzed Ca values are used, however, the Ca:STTD P ratio varied among treatments (Ca:STTD P = 2.34 ± 0.14). A vitamin premix containing vitamin D was added in equal concentrations to all diets to meet its requirements by the growing pig according to the NRC (2012) and to avoid confounding effects due to its importance on P and Ca metabolism. The concentration of other dietary nutrients remained constant across treatments. Minerals were added to the diet at the expense of corn, and the dietary NE decreased from 2,571 to 2,461 kcal/kg because added fat was maintained at a constant level.
The effect of dietary treatment was significant (P < 0.001) for Ca, P, and STTD P intakes; a quadratic response (P < 0.05) was observed for Ca intake, and a linear response (P < 0.05) was observed for P and STTD P intakes (Table 2) . Although the overall effect of treatment was not significant for daily DM intake (P > 0.05), a greater (P < 0.05) daily intake of Ca was observed at 0.55 than at 0.62% dietary STTD P (26.30 vs. 25.23 g/d, respectively). In contrast, the STTD P daily intake increased (linear, P < 0.05) from 2.96 to 11.12 g/d, as expected.
Results showed that daily fecal and total excretion of both P and Ca were positively associated with mineral intake (P < 0.001; Table 3 ). The ATTD of P showed a quadratic response (P < 0.001, R 2 = 0.68) to STTD P intake, but it reached a predicted point of inflection at a daily intake of 10.64 g/d STTD P where a maximum of 53.04% ATTD of P is achieved. The ATTD of Ca, however, decreased linearly (P < 0.001, R 2 = 0.76) at a rate of 1.2%/g of Ca intake, showing a reduction in the efficiency of Ca absorption.
The urinary excretion curves showed a different pattern for P and Ca (Fig. 1a and 1b, respectively) . A basal urinary excretion of 0.03 g/d of P was observed, but starting at 4.96 g/d of STTD P intake, the urinary P excretion increased linearly (P < 0.001) at a rate of 0.09 g/d per g of STTD P intake. The excretion of Ca in urine, however, decreased linearly (P < 0.001) at a rate of 0.08 g/d per g of Ca intake, reaching a basal urinary Ca excretion of 0.40 g/d at 17.97 g/d of Ca intake. The daily intakes of STTD P and Ca moderately explained the variation in the urinary excretion of P (R 2 = 0.41) and Ca (R 2 = 0.62).
The absorption and retention of P increased linearly (P < 0.001) at a rate of 0.77 and 0.70 g/d, respectively, per gram of daily STTD P intake ( Fig. 2a and  2b , respectively). Absorption and retention of P were highly predictable from the STTD P intake, with R 2 of 0.94 and 0.93, respectively. Calcium intake, however, showed a quadratic effect (P < 0.001) on absorption and retention of Ca ( Fig. 2c and 2d, respectively) . The predicted inflection point of the absorption and retention curves indicated that Ca intakes of 35.50 and 32.96 g/d yielded maximum absorbed (11.98 g/d) and retained (11.44 g/d) Ca, respectively. Absorption and retention of Ca were highly predictable from the Ca intake, with R 2 of 0.87 and 0.90, respectively.
The FMC increased by 2.71 g with STTD P intake (P < 0.001) but reached a plateau (29.54 g of FMC) at 8.84 g/d of STTD P intake (Fig. 3) . The FMC was highly predictable from the STTD P intake (R 2 = 0.89). Although FMC significantly affected P excretion in the urine (P < 0.01), it could explain only 19% of the variability in urinary P (Fig. 4) .
DISCUSSION
Calcium carbonate and monocalcium phosphate were gradually added to increase the dietary Ca concentration from 0.38 to 1.41%. Maximum daily Ca intake, however, was not achieved in pigs fed diets containing 1.41% Ca but was in pigs fed diets containing 1.38% Ca, probably because of a slightly lower DM intake observed in pigs fed 1.41% Ca compared to those fed diets containing 1.38% Ca. In contrast, the daily P and STTD P intake increased as planned because most of the dietary P originated from monocalcium phosphate. The standardized total tract digestibility of P is greater in monocalcium phosphate than in corn and soybean meal because of a greater content of nonphytate P in monocalcium phosphate (NRC, 2012) . The effect of a lower DM intake at 0.62% STTD P than at 0.55% STTD P was not, therefore, as critical for STTD P intake as it was for Ca daily intake.
Fecal and total excretion of P and Ca increased with supply, and a positive linear relationship between mineral excretion (fecal and total) and intake of STTD P and Ca was established. This relationship was supported by the high predictability of total and Table 2 . Effect of dietary concentration of standardized total tract digestible P (STTD P) and total Ca on daily intake of DM, Ca, P, and STTD P in growing pigs 1 a-h Means without a common superscript differ at P < 0.05.
1 Results are least squares means (n = 6). Average BW at the initiation of the collection period = 39.59 ± 2.87 kg.
2 Calcium, P, and STTD P intake are calculated on a DM basis.
3 The STTD P and Ca ratio was maintained constant across treatments.
4 P-value for linear (Lin) and quadratic (Quad) contrasts. Table 3 . Regression coefficients of the effects of standardized total tract digestible P and Ca intake on fecal and total excretion and on apparent total tract digestibility (ATTD) of P and Ca in growing pigs 1 fecal excretion of each mineral from their intake when expressed on a STTD basis in the case of P and total in the case of Ca. In the diet formulated for least STTD P, corn and soybean meal contributed approximately 95% of the total P and 90% of the STTD P. But as STTD P increased in the diet, monocalcium phosphate increased its dietary P contribution to approximately 61% of total P and 77% of STTD P in the diet formulated to achieve the greatest STTD P concentration. The greater availability of P in monocalcium phosphate (NRC, 2012) and its gradual addition to the diet produced an increase in the ATTD of dietary P. In the present study, the observed positive response on ATTD of P was not linear and the quadratic function predicted a maximum of 53.04% ATTD of P. This maximum was reached, however, at a STTD P intake of 10.64 g/d, which is much greater than the 4.59 g/d of STTD P required for growing pigs according to the NRC (2012). These results agree with Létourneau-Montminy et al. (2012), who reported a linear increase in dietary digestible P with nonphytate P levels in growing pigs fed diets with available P concentrations that did not reach extreme levels as in the present study. This finding suggests that the addition of monocalcium phosphate to the corn-soybean diet increases the availability of dietary P under commercial feeding conditions but may reach maximum availability at extreme inclusion levels. The response curve of ATTD of Ca presented a pattern different than that of P, decreasing linearly with daily Ca intake. This finding is consistent with the notion that a reduction in the efficiency of absorption of dietary Ca is expected as the mineral increases and becomes sufficient in the diet and that dietary Ca absorption is exclusively regulated at the digestive tract level (Fernández, 1995) . In the present study, the predictability of mineral excretion in urine from intake was moderate, as intake of STTD P and Ca explained approximately 44 and 62% of the variation in urinary P and Ca, respectively. Interestingly, a constant basal urinary P level was observed at low STTD P intakes, but excretion of P in urine increased in pigs consuming over 4.96 g/d STTD P. The observed breakpoint is very close to the 4.59 g/d STTD P suggested as the requirement for growing pigs according to the NRC (2012). This finding supports the concept that available dietary P is readily absorbed and utilized to maximize growth and that the excess is accumulated in bones and excreted in the urine. It also suggests that available dietary P is regulated through renal action, and that at the intestinal level P is not regulated to the same degree as Ca. The variability in urinary P increased after the breakpoint, which may be a result of differences in individual pig growth and bone mineralization. Urinary P losses may also be affected by the Ca concentration of the diet, as reported by Pointillart and Fontaine (1983) , who observed increased urinary P losses associated with a lack of dietary Ca, which is essential for growth and bone mineralization. Similar results were reported by Létourneau-Montminy et al. (2012) , who reported an increase in the amount of retained P with dietary Ca, as long as P and Ca were balanced in the diet. To avoid confounding effects on P excretion and retention due to a shortage of dietary Ca, treatments in the present study were formulated to maintain constant Ca:STTD P ratios. Although slight variation among diets was observed in the actual measured Ca:STTD P ratios, the Ca to STTD P imbalance does not reach the extreme ratios reported in the meta-analysis conducted by Létourneau-Montminy et al. (2012) ; therefore, differences are believed to be not large enough to affect the P excretion in urine. Calcium excretion in urine, on the contrary, was greatest at the lowest level of mineral intake and decreased linearly with Ca intake until a reaching breakpoint, where basal excretion of Ca in urine was observed. The elevated excretion of Ca in urine at low Ca and P intakes is denominated hypercalciuria and has been previously reported in growing pigs by Pointillart et al. (1986) , Oksbjerg and Fernández, (1987), and Fernández (1995) . Hypercalciuria was associated in all cases with a low dietary P intake, regardless of the Ca intake level, which agrees with results observed in the present study. These results suggest that hypercalciuria in the present study occurred as a result of dietary P insufficiency.
Phosphorus absorption and retention increased linearly and were highly predictable, as STTD P intake explained approximately 94 and 93% of the variation in absorption and retention of P, respectively. This outcome is in good agreement with observations by Fernández (1995) and Létourneau-Montminy et al. (2012) , who reported that P absorption and retention were well described by both a linear and a nonlinear function when dietary P increased with the addition of inorganic P. Considering the linearity of the response to STTD P supply, it is likely that P transport across the digestive wall did not represent a limiting step for P absorption. The differences between the slopes of the absorbed (0.77 g/d) and retained P (0.70 g/d) functions correspond to urinary P losses. The increase in urinary P output after STTD P intake reached the minimum required for optimum growth resulted in differences between the absorption and retention slopes, which further supports the concept that utilization of consumed P, unlike Ca, is regulated through renal action.
The consistent curvilinear relationship between intake and absorption or retention of Ca are in agreement with previous observations by Fernández (1995) and with the general view that a part of Ca absorption involves active transport and, therefore, is subjected to regulation. In pigs, Sommerville et al. (1985) demonstrated that Ca uptake is regulated by vitamin D-dependent calcium-binding proteins (calbindin). Additionally, negligible urinary Ca excretion was observed, except for the lowest Ca and P intakes (hypercalciuria), which further support the fact that under adequate P intake conditions, the dietary Ca input is mainly regulated at the digestive tract level. This is also apparent when levels of Ca absorption and retention are compared with the corresponding levels of P. Although P absorption and retention curves showed a different slope, as discussed previously, Ca absorption and retention curves showed a modest difference between their predicted inflection points, which were reached at similar Ca intakes.
Femurs were dissected because of their lower nitrogen and greater mineral concentrations compared with other bones commonly used for the study of mineral status and requirements of pigs (Field et al., 1974) . Although DXA has been previously reported to provide low accurate and relevant measures of bone tissue characteristics, total mass of bone mineral content has been reported among the bone traits determined with DXA showing no difference and high correlation with analyzed whole bone ash weight values (Clarys et al., 2010) .
The FMC increased with STTD P intake but reached a plateau. This is consistent with findings by Maxson and Mahan (1983) , who reported that bone response to dietary P reached a plateau in growing pigs if Ca is not limiting. To assure an adequate supply of Ca and maximize bone accretion, dietary STTD P and Ca were maintained at a constant ratio as STTD P increased. A correct balance between the 2 minerals is necessary because P and Ca combine in bones at a constant ratio of approximately 2.2:1 to form a hydroxyapatite-like compound (Crenshaw 2001; Létourneau-Montminy et al., 2012) . Femur mineral content reached a plateau at a STTD P intake greater than the required for maximum growth in growing pigs (NRC, 2012) . This observation agrees with the concept that bone mineral accretion continues after maximum muscle gain is achieved (Jongbloed, 1987) . The fact that mineral accretion plateaus at a greater STTD P intake than that required for growth may explain the high variation observed in urinary P at STTD P intake levels above requirement. Interestingly, the Ca intakes where curves of urinary Ca (17.97 g/d of Ca intake) and FMC (21 g/d of Ca intake; data not shown) reached a constant level were similar, indicating that urinary Ca excretion decreased and reached basal levels at a Ca intake close to that of maximum bone mineralization, further supporting the notion that Ca is mostly regulated at the intestinal level. In the present study, FMC was highly predictable from STTD P intake, which explained approximately 89% of the variation in FMC. Although bone mineralization is associated with P excretion in urine, variability in urinary P was poorly explained by FMC (R 2 = 0.19), contrasting with the portion of variation that was explained by STTD P intake (R 2 = 0.44). Accretion of P in the bones is one of multiple metabolic processes involved in the partition of available dietary P supplied in excess and, therefore, is not a good predictor of P excretion in urine. In conclusion, excretion of P in urine was constant at STTD P intakes below the requirement for growth, but at STTD P intakes above the requirement, the excretion of P in urine increased linearly. This finding indicates that transport of P across the digestive wall may not represent a limiting step for P regulation and P excretion may instead be regulated at the renal level. Mineral accretion in femur increased with STTD P intake but reached a plateau at a greater STTD P intake level than the required for maximum growth. Dietary STTD P, therefore, was absorbed and used for growth, but excess P was accumulated in bones until a plateau was reached and then excreted in urine. The predictability of P and Ca excretion in urine from the dietary STTD P and Ca intake was moderate.
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